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SLOP, a n d  Cones ion  of 3k ta l s "  and a a s  administered by k l r  J ,  
51aItz T h e  research work n;ay be c o n s i d e r e d  as a zontinua:;on 
T h e  pr-oji-;ct s c i e n t f s t s  itere J .  R .  R o e h r i g  and Dr. !%- J. 
i iordon.  Dui  i n g  the i n i t i a l  phase of t h e  p rog ram,  t i l e y  xere  






G e n e r a l  Des ign  
Loa d I rig Me c ha n i sm 
Wire B r u s h  Abrasion Device 
I o n  Gup Assembly  
TEST SPECIMEN 
ZXPERi: ME3TAL PROCEDURE 
Vac umi  Operat i o n  
Ion  Bombardment 
Adhes ion  T e s t i n g  
R e t a r d e d  F i e l d  Diode Technique  
EXPERIbZEKTAL RESULTS 
Kon Bombardment T e s t s  
-cc,,+ L L L r L , c  e? Srri-face C o n t o u r  on Adhes ion  























3 2  
34 
3 5  
V 
F IGLXE 






Spec iirten S e l e c t o r  Mechanism 8 
T i r e  Br-ush Abrasion Device 9 
I n n  Er-ierzy D i s t r i b u t i o n  f o r  Argon A t  
3 x 10-B'-Torr 19 
S e n s i t  i t y  C u r v e  F C I ~  Argon Ion Bombard- 
Rent 2 0  
v i i  
4 STL'DP OF THE ADHESION AKD COHESIOK OF METALS 
By M .  3 .  Hordon 
J .  R .  R o e h r i g  
X a t i o n a l  Resea rch  C o r p o r a t i o n  
S U W R Y  
Xeasurements  of t h e  a d h e s i o n  c h a r a c t e r i s t i c s  o f  a v a r i e t y  
of me ta l s  were c o n d u c t e d  i n  h i g h  vacumi .  The e o r ? t a c t  s u r f a c e s  
were c l e a n e d  p i - i ~ r  t z  I n a d i c g  b y  argo:: o r  xenon i o n  bonbard-  
=exit si- by wire b r u s h  ab ras ion .  The ztppl ied l o a d s  exceeded 
t h e  nominal  y i e l d  stress. Al though  t h e  i o n  bumbardmeni p r o -  
duced s u b s t a n t i a l  c h a n g e s  i n  t h e  s w f a c e  e l e c t r o n  work 
f u n c t i o n  a s  d e t e r m i n e d  by t h e  r e t a r d e d  f i e l d  d i o d e  t e c h n i q u e .  
t h e  r e s u l t a n t  a d h e s i o n  v a l u e s  %ere g e n e r a l l y  n e g l i g i b l e .  
Sxnooth, f l a t  s u r f a c e s  of coppe r  showed g r e a t e r  bond ing  t h a n  
roughened  s u r f a c e s .  
Us ing  t h e  a b r a s i o n  method,  t h e  a d h e s i o n  of b o t h  s o l u b l e  
and  i n s o l u b l e  m e t a l  p a i r s  was s t u d i e d .  The r e s u l t s  showed 
t h a t  l a t t i c e  s o l i d  s o l u b i l i t y  vias l ess  i m p o r t a n t  t h a n  s u r f a c e  
c l e a n l i n e s s  and d u c t i l i t y  i n  g o v e r n i n g  t h e  e x t e n t  of i n t e r -  
f a c i a l  w e l d i n g .  Under opt iaum c o n d i t i o n s .  bond e f f i c i e n c i e s  
rip t o  90% were o b t a i n e d  f o r  e x t i - s m e l y  d u c t i l e  me ta l s .  
Xiesearch an adhes ion  arid bond ing  phenomena a t  ~ a c u u r n  
l e v e l s  f r o m  10-6 t o  10-13 t o r r  and  - t  temperatui-es  r a n g i n g  
f i - a m  20' t o  2 0 0 ° C  h a s  been  carried GLI a t  X-atic?na!. Rcsearch  
C o r p o r a t i o n  f o r  t h e  l a s t  s e v e r a l  y e a r s  u n d e r  EASA C o n t r a c t s  
Y A S T - 4 8 .  YASw-734 and NASI-2691 and  A i r  Force C o n t r a c t  AF 04 
(611)-9717. T h e  gener-a1 o b j e c t i v e  has been  t o  o b t a i n  d e t a i l e d  
~r i i= i rn ia t  i o n  on the conditiuns g o v e r n i n g  t h e  Tendency of 
t n g i ~ i c r i n g  :net;als a n d  a l l o y s  to a d h e r e  to one a n o t h e r  Ender  
u!J\ciCvt>d t o  2' event 01- k i n d e r -  thc  r e l a t i v e  m o t i o n  o r  subse- 
as much as one minute a t  10-7 torr a f t e r  cleaning t h e  mating 
surfaces i n  u l t ra -h igh  vacuum. 
di:;g. S u f f i c i e n ~  bond ing  f o r c e  K Z S  f reqt ient l j -  
quent separation of component surfaces even a i t e r  eximsurca : 17 
1 
I n f o r m a t i o n  of t h i s  n a t u r e  is of o b v i o u s  i n t e r e s t  i n  t h e  
d e s i g n  of e l e c t r i c a l  a n a  mechanica l  devices f m  s ~ a c e  veh ic l e  
a p p l i c a t i o n .  T y p i c a l  s p a c e c r a f t  d e v i c e s  w i t h  c r i t i c a l  bear- 
i n g  or c o n t a c t i n g  s u r f a c e s  i n c l u d e  s o l e n o i d s  .. v a l v i n g .  s l i p  
r i n g s ,  b e a r i n g s  and v a r i o u s  t y p e s  of m a t i n g  f l a n g e s ,  s o c k e t s  
and p i n s ,  e t c .  I n  a d d i t i o n ,  t h e  a d h e s i o n  b e h a v i o r  of v a r i -  
o u s  ma te r i a l s  h a s  a p r i m a r y  a p p l i c a t i o n  i n  c o l d  w e l d i n g  
=~CICE)E.EPS i n  which large s c a l e  bonding  is s o u g h t  w h i l e  min i -  
m i z i n g  e x c e s s i v e  t e m p e r a t u r e  and p l a s t i c  d e f o r m a t i o n  l e v e l s .  
I t  may be n o t e d  t h a t  s o l i d  a d h e s i o n  is of basic i n t e r e s t  i n  
s t u d i e s  of t h e  physics of  s u r f a c e s ,  a f i e l d  of expand ing  
i m p o r t a n c e  i n  materials science. 
The e x p e r i m e n t a l  r e s u l t s  o f  a d h e s i o n  s t u d i e s  carried o u t  
a t  N a t i o n a l  Resea rch  C o r p o r a t i o n  may be s u m a r i z e d  a s  f o l l o w s :  
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ad he sin^ bonding r e q u i r e s  t h e  removal  and c o n t i n u e d  
a b s e n c e  of  o r g a n i c  and o x i d e  a d s o r b e d  f i l m s .  
Adhesion is i n c r e a s e d  w i t h  i n c r e a s e d  c o m p r e s s i v e  
l o a d i n g ,  p a r t i c u l a r l y  for l o a d s  h i g h  enough t o  
c a u s e  p l a s t i c  y i e l d i n g  at t h e  i n t e r f a c e .  
Adhesion is i n c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
and l o n g e r  t i m e s  a t  t e m p e r a t u r e .  
P a r t i a l  bonding  h a s  been  o b s e r v e d  w i t h  p r o p e r  s u r -  
f a c e  t r e a t m e n t s  between metals w i t h  l i m i t e d  m u t u a l  
s o l i d  s o l u b i l i t y .  
With p r e - c l e a n i n g  of s u r f a c e s  by methods s u c h  as 
w i r e  b r u s h i n g  i n  vacuum, boiiding f o r c e  tc c ~ m p r e s -  
s i v e  l o a d  r a t i o s  up t o  60 p e r c e n t  have  been 
a t t a i n e d  a t  room zempera tu re  f o r  dzctile metals 
p r o v i d e d  t h e  c o n t a c t  stress exceeded  t h e  y i e l d  
stress 
is a p p a r e n t  f r o m  t h e s e  r e s u l t s  t h a t  s u b s t a n t i a l  adhe- 
sicjn iiiay be e x p e c t e d  betweer! mat ing  s u r f a c e s  i n  t h e  low p r e s -  
s u r e  envi ronment  of  s p a c e  p rov ided  s u f f i c i e n t  d e f o r m a t i o n  or 
a b r a s i o n  o c c u r s  t o  b r e a k  up  t h e  e x i s t i n g  o x i d e  l a y e r s  
o r i g i n a l l y  formed i n  t h e  e a r t h ’ s  a tmosphe re .  
I n  t h e  p r e s e n t  wurk, several. o f  t h e  p a r a r n e t e r s  c o n t r o l -  
l i n g   he e x i e n i  u f  c i a C i - G S C G F i C  bonding  n e r e  ~ p l e ~ t p d  f o r  
d e t a i l e d  e x a m i n a t i o n .  Of major  i m p o r t a n c e  i n  f o r m i n g  a 
strsng bond a c r o s s  t h e  i n t e r f a c e  is t h e  r e l a t i v e  azoun'r o f  
m e t a l l i c  s u r f a c e  area b rough t  i n t o  c l o s e  a t o m i c  c c n t a c t .  Two 
f a c t o r s  wh ich  c r i t i c a l l y  a f f e c t  t h e  d e g r e e  of  m e t a l - t o - m e t a l  
c o n t a c t  are  t h e  f o r m a t i o n  of o x i d e  o r  c o n t a m i n a n t  s u r f a c e  
films w i t h  r i g i d  c r y s t a l  s t r u c t u r e s  of low c o o r d i n a t i o n  
number and  t h e  s u r f a c e  mic ro - topography  o r  c o n t o u r .  It i s  
e v i d e n t  t h a t  a n  i n t e r v e n i n g  o x i d e  l a y e r  o r  l a r g e  d e v i a t i o n s  
f rom atomic p l a n i a r i t y  c a n  s e v e r e l y  l i m i t  t h e  a c t u a l  metal- 
l i c  c o n t a c t  o v e r  t h e  nominal  b e a r i n g  a r e a ,  
The e f f e c t  of s u r f a c e  c l e a n l i n e s s  and  c o n t o u r  on metaf- 
l i c  a d h e s i o n  was s t u d i e d  i n  t h e  c u r r e n t  i n v e s t i g a t i o n  u s i n g  
xenon i o n  bombardment as a s u r f a c e  c l e a s i n g  t e c h n i q u e  i n  
e r d e r  t o  m i n i m i z e  damage t o  xhe c o n t a c t  a r e a .  T h e  d e g r e e  
of c o n t a m i n a n t  f i h  r emova l  a s  a func t i c rn  of io?_ bombardment 
dosage may be e s t i m a t e d  by x o n i t o r i n g  c h a n g e s  i n  t h e  relative 
s u r f a c e  e l e c t r o n  uork f u n c t i o n  a s  d e t e r m i n e d  by r e t a r d e d  f i e l d  
d i o d e  measu remen t s .  
One p a r a m e t e r  of i n t e r e s t  i n  a d h e s i o n  phenomena is t h e  
e f f e c t  of m u t u a l  s o l i d  s o l u b i l i t y  i n  s o l i d  s t a t e  b o n d i n g .  I t  
had  been p o s t u l a t e d  t h a t  even  u n d e r  c o n d i t i o n s  i n  which  good 
meta l l ic  c o n t a c t  w a s  m a d e ,  large sca le  a d h e s i o n  would n o t  
o c c u r  u n l e s s  t h e  c o n t a c t  m a t e r i a l s  formed e x t e n s i v e  s o l i d  
s o 1 r ; t i o n s  i n  e a c h  o t h e r .  For metals t h a t  a r e  i n s o l u b l e  i n  
each o t h e r .  e . g . ,  form A-A and B-B bonds  i n  p r e f e r e n c e  t o  
A-B bonds  w i t h i n  t h e  l a t t i c e ,  i t  w a s  h e l d  t h a t  t h e  u n f a v s r a b l e  
e n e r g y  ba r r i e r  would s u b s t a n t i a l l y  p r e v e n t  A-B bond ing  a c r o s s  
t h e  i n t e r f a c e .  IT; w a s  c iec ided  t z t  z e s t  t h i s  h ~ p ~ t h e s f ~  hy 
compar ing  t h e  a d h e s i o n  c h a r a c t e r i s t i c s  o f  bo th  s o l u b l e  arid 
i n s o l u b l e  meta l  p a i r s  'hit€: s i m i l a r  mezhanica!. F r z p e r t i e s  ~ : ! ider  
e q u i v a l e n t  c o n d i t i o n s .  
- 
The g e n e r a l  o b j e c t  of t h i s  i n v e s t i g a t i o n  vias t o  examine 
t h e  e f f e c t  of se lec tea  mater ia l  o n  t h e  bonding s t r e n g t h  i n  
o r d e r  to p r o v i d e  2 clearer p i c t u r e  :f t h e  p h y s i c a l  mechan- 
i s m s  u n d e r l y i n g  s o l i d  s t a t e  a d h e s i o n  a t  t e m p e r a t u r e s  b e l o x  
t h e  r a n g e  i n  which  d i f f u s i o n  b o n d i n g  becomes t h e  c o n t r o l l i n g  
p r o c e s s .  
3 
APPARATUS 
G e n e r a l  Des ign  
The a d h e s i o n  t e s t i n g  a p p a r a t u s  u s e d  i n  t h e  present work 
is  a m o d i f i e d  d e s i g n  i n c o r p o r a t i n g  t h e  bas i c  f e a t u r e s  of 
t h e  a p p a r a t u s  u s e d  f o r  a d h e s i o n  t e s t i n g  on NASA C o n t r a c t  ho. 
NASw-734.  As shown i n  F i g .  1, i t  c o n s i s t s  of a c y l i n d r i c a l ,  
s t a i n l e s s  s t e e l  u l t r a - h i g h  vacuum chamber 14 i n .  i n  d i a m e t e r .  
The chamber contains several  v i e w i n g  p o r t s ,  two p o r t s  for t h e  
i n t r o d u c t i o n  of t h e  ion beam guns ,  one port f o r  t h e  u s e  of a 
m e c h a n i c a l  w i r e  a b r a s i o n  d e v i c e ,  two ports f o r  m a n i p u l a t i v e  
n e c h a n i s m s  and  a p r e s s u r e  s e n s i n g  gauge  p o r t .  
The l o a d i n g  a s s e m b l y ,  i l l u s t r a t e d  i n  F i g .  2 ,  is an  i n r e -  
graf  p a r t  of t h e  upper f l a n g e  h e a d .  The l o a d i n g  s h a f t  con- 
t a i n s  a ball and screw d r i v e  mechanism which  c a n  impose 
l o a d s  up  t o  2200 Ibs on t h e  lower a n v i l .  The l i n e a r  t h r u s t  
of t h e  s h a f t  is i n t r o d u c e d  i n t o  t h e  vacuum chamber v i a  a 
f l e x i b i e  beflows s e a l .  A r i g i d  compression cage f i x t u r e  
is p r o v i d e d  t o  g u i d e  t h e  mot ion  o f  the s h a f t  and  i n s u r e  ver- 
t i c a l  a l i g n m e n t  of t h e  l o a d i n g  s t ages .  Load ing  may be p e r -  
formed e i t h e r  by a motor d r i v e n  c h a i n  d r i v e  or  by manual  
o p e r a t i o n  of a r o t a r y  d r i v e .  The r e s u l t a n t  f o r c e  is moni- 
t o r e d  by a l o a d  c e l l  w i t h  e l e c t r o n i c  r e a d - o u t .  
The vacuum chamber is e v a c u a t e d  by a s t a n d a r d  SRC 10 i n .  
diffusion pump t h r o u g h  a r i g h t  a n g l e d  r e f r i g e r a t e d  t r a p  and 
t w o  i n t e r n a l  l i q u i d  n i t r o g e n  t r a p s .  The s y s t e m  a l s o  e o n t a i r s  
i n a r y  e v a c u a t i o n .  C o n c e n t r i c  “o”- r ing  s e a l s  a t  t h e  f l a n g e s  
The e x i t  p o r t  t o  t h e  pump is a l s o  r e f r i g e r a t e d  w i t h  c o o l i n g  
c o i l s .  Thermal  o u t g a s s i n g  of t h e  vacuum chamber up t o  250°C 
can  be m a i n t a i n e d  by i n t e r n a l l y  mounted q u a r t z  r o d  h e a t e r s .  
The v a c u m  s y s t e m  when fully l o a d e d  w i t h  t h e  a d h e s i g n  t e s t i n g  
components is c a p a b l e  of p r e s s u r e s  -.xm t o  8 x 10- 
z f t e r  o u t g a s s i n g .  
o n  WDP 2 is. d i f f u s i o n  2,;~; 2nd 2 mechanical n * > m n  f e r  n l - n l i m -  - A --.. I ---I? U I I  *.*I” 
w A L  r l - 0  r e f r i g e r a t e d  3:’ aster ccsled t~ elimir?ate s u t g a s s i c g ,  
t o r r  
Loading  Mechanism 
I n t e g r a l  p a r t s  of the l o a d i n g  mechanism are  t h e  m u l t i -  
s t a t i o n  spec imen  load ing  s t a g e s  which  can s e q u e n t i a l l y  s e l e c t  
u p  t o  e i g h t  a d h e s i o n  p a i r s  f o r  t e s t i n g  i n  one  pumping o p e r a t i o n .  
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Fig. 2 ADHESION APPARIITUS LI)ADIXG 
MECHANISM 
These  components  c o n s i s t  of two r o t a t i n g  s t a i n l e s s  s t e e l  
wheels  mounted on t h e  l o a d i n g  s h a f t  and  t h e  lower  a n v i l .  
Specimen s a m p l e s  a r e  mounted in e i g h t  recesses p r o v i d e d  
on t h e  w h e e l  r i m s .  
Due t o  t h e  r e q u i r e m e n t  t h a t  t h e  s p e c i m e n s  s e l e c r e d  for 
tes t  b e  b r o u g h t  t o  a h o r i z o n t a l  p o s i t i o n  i n  t h e  i o n  bornbard- 
ment t e c h n i q u e  and  t h e n  to a v e r t i c a l  p o s i t i o n  f o r  l o a d i n g ,  
l a p ~ u  L U L ~ ~ L L U U  Lu iuug i i  J W  is ~ e c e s s a r - y  iu rn in i rn ide  ihe 
p o s s i b i l i t y  or o x i d e  f i l m  r e - f o r m a t i o n  a f t e r  bombardment 
_ _ - _ : A  LL L n n O  
To r e d u c e  the t i m e  r e q u i r e d  for r o t a t i o n ,  t h e  l o a d i n g  
s tages  were m o d i f i e d  by t h e  a d d i t i o n  o f  a w e i g h t - a c t u a t e d  
pulley mechanism i l l u s t r a t e d  i n  F i g  3 .  I n  t h i s  arrange- 
x e n t ;  o p e r a t i o n  of a d o u b l e  p i n  d e v i c e  by n a n u a i  man ipu la -  
t i o n  through a flexible b e l l o w s  s e a l  pernitted r a p i d  r o t a t i o n  
of any  s t a t i o n  thrcugh 90’ The p o s i t i o n i n g  change  €or  b o t h  
s t a g e s  r e q u i r e d  less t h a n  6 s e e .  be tween  bonbardmenr and  
l o a d i n g  s e q u e n c e s  T h e  p u l l e y  mechanism i fas  s e l e c t e d  i n  
p l a c e  of a s p r i n g - a c t u a t e d  zechan i sm b e c a u s e  of t h e  n e c e s s i t y  
t o  h e a t  t 2 e  chamber t o  2 W 3 C  f o r  ourgassing A t t e m p t s  to 
iise a n e g a t i v e - t o r q u e  s p r i n g  d r i v e  for r a p i d  spec imen  selec- 
t i o n  showed t h a t  the s p r i n g s  u-ere a n n e a l e d  beyocd t h e i r  u se -  
ful r a n g e  at t h i s  t e m p e r a t u r e  l e v e l ,  
Wire Brush A b r a s i o n  Device  
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Ion  Gun Assembly 
S i o c e  t h e  b r u s h  a b r a s i o n  t e c h n i q u e  n e c e s s a r i l y  roughens  
t h e  s u r f a c e  s e v e r e l y ,  i t  w a s  c o n s i d e r e d  d e s i r a b l e  t o  d e v i s e  
a n  i n e r t  gas i o n  beam c l e a n i n g  method f o r  b o t h  c o n t a c t  s u r -  
faces i n  examining  t h e  e f f e c t  of  s u r f a c e  p r o f i l e  on a d h e s i o n  
s t r e n g t h .  Because t h e  mat ing  surfaces c a n n o t  be b r o u g h t  c l o s e  
toge the r  i n  t h e  test a p p a r a t u s  e x c e p t  i n  t h e  p a r a l l e l  posi- 
t i o n ,  two s e p a r a t e  i o n  gun a s s e m b l i e s  were r e q u i r e d  t o  bom- 
b a r d  e a c h  s u r f a c e  i n d e p e n d e n t l y .  I n  o r d e r  t o  accompl i sh  t h i s  
i n  t h e  l i m i t e d  s p a c e  a v a i l a b l e  i n  t h e  vacuum chamber, i t  was 
p l anned  t o  mount t h e  t w o  guns  on t h e  s i d e  of t h e  c y l i n d r i c a l  
chamber a t  positions 90" a p a r t .  I n  t h i s  way, t h e  i o n  beams 
c o u l d  be f o c u s e d  i n d e p e n d e n t l y  on  t h e  spec imen s u r f a c e s  when 
r o t a t e d  t o  the  horizontal p o s i t i o n  on t h e  l o a d i n g  mechanism. 
An i n d i u i d i l a i  gun  asserably is shown i n  F i g .  5 C o n s i s t -  
ing e s s e n t i a l l y  of a c o l d  c a t h o d e  ior, source based o n  t h e  Red- 
head c o l d  c a t h o d e  magnetron gage which c a n  i o n i z e  a p a r t i a l  
p r e s s u r e  of xenon or a rgon  gas  bled i n t o  t h e  c e n t r a l  c a v i t y .  
t h e  gun c a n  d i r e c t  ar? e n e r g i z e d  stream of i o i s  t o  t h e  t a r g e t  
s u r f a c e  by means of a series of e i n z e l  l e n s e s  The a a g n e t  
components a r e  mounted o u t s i d e  the gun c a v i t y  t o  p e r m i t  re- 
moval d u r i n g  t h e r m a l  o u t g a s s i n g .  The i o n  stream is d i r e c t e d  
i n t o  t h e  vacuum chamber th rough  a narrow o r i f i c e  t o  m i n i m i z e  
p r e s s u r e  bu i ld -up  i n  the m a i n  chamber .  
I n  Frac t ice ,  anode v o l t a g e s  up t o  6000 v o l t s  a t  1 x loe6 
amp c a n  be  c o n s i s t e n t l y  o b t a i n e d ,  y i e l d i n g  i o n  c u r r e n t  d e n s i -  
t i e s  up  t o  12 amp/ to r r  - 02 a t  t h e  t a rge t  s u r f a c e .  In the 
u s u a l  o p e r a t i n g  c o n d i t i o n ,  t h e  p a r t i a l  p r e s s u r e  of i n e r t  g a s  
i n  t h e  gun c a v l t y  may be 16-2 t o i l - ,  the cerres~endizg sys tem 
p r e s s u r e  will rise t o  2 - 5 x 10-7 t o r r  d u r i n g  bombardment, 
I n  u s e ,  t h e  i o n  s t r e a m  may be d e f l e c t e d  by m a n u a l  = p e r a t i o n  
of a bellosvs seal s p r i n g  assembly t h u s  p e r m i t t i n g  a c c u r a t e  
f c c u s i n g  of t h e  beam OR t h e  t a r g e t  Focus ing  is accomplished 
Sy m o n i t o r i n g  t h e  optimum c u r r e n t  peak  d u r i n g  t h e  deflection 
a d j u s t m e n t .  
The  i n s t a l l a t i o n  of t h e  gun  a s s e m b l i e s  i n  t h e  vacuum 
chamber is shown i n  F i g .  6 .  The r a d i a l  magnet components a r e  
shciwn i n  p o s i t i o n .  Each gun a s sembly  is p r o v i d e d  w i t h  a 
G r a n v i l l e - P h i l l i p s  b l e e d e r  v a l v e  which a d m i t s  a c o n t r o l l e d  
q u a n t i t y  of h i g h  p u r i t y  xenon g a s  t o  the gun c a v i t y  th rough  
a 0 ,040  i n ,  i n l e t  t u b e .  The d e f l e c t i o n  s p r i n g  c o i l s  p r o v i d i n g  
a n g u l a r  movement of t h e  gun  a x i s  a t  t h e  f l e x i b l e  b e l l o w s  seal 
are  a h a  sho .  .:, 
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Adhesion samples  w e r e  p r e p a r e d  of v a r i o u s  p u r e  metals  
a s  f i s t e d  i n  T a b l e  I .  The sample  c o n f i g u r a t i o n  is illus- 
t r a t e d  i n  Fig.  7 .  S i n c e  t h e  uppe r  and  lower s a m p l e s  are 
c r o s s e d  a t  r i g h t  a n g l e s  t o  e a c h  o t h e r  i n  t h e  l o a d i n g  s t ages ,  for 
t h e  m a x i m u m  l o a d  o f  2200 l b s ,  t h e  c o r r e s p o n d i n g  nominal  bear- 
i n g  stress was a b o u t  15,700 psi. 
I n  o r d e r  t o  o b t a i n  h i g h e r  c o n t a c t  stresses for h i g h  
s t r e n g t h  ma te r i a l s ,  i t  was necessary t o  d e c r e a s e  t h e  b e a r i n g  
area by b e v e l i n g  t h e  e d g e s  o f  t h e  sample  as shown i n  F i g  ?b. 
I n  t h i s  way,  t h e  nominal  c o n t a c t  stress c o u l d  be a d j u s t e d  t o  
a l e v e l  e x c e e d i n g  t h e  compress ive  y i e l d  s t r e n g t h  of t h e  
s a m p l e s .  For t h e  metals  used i n  t h i s  work ,  t h e  b e a r i n g  a r e a  
ef iron, n iob ium,  t a n t a l u m  and n i c k e l  s amples  was decreased 
t o  p e r m i t  h i g h e r  stresses. 
Samples w e r e  f u l l y  a n n e a l e d  a f t e r  machin ing  and tested 
f o r  h a r d n e s s  p r i o r  t o  u s e .  The m e c h a n i c a l  p r o p e r t i e s  o f  t h e  
meta ls  a re  l i s t e d  i n  T a b l e  I .  I n  t h e  case of g o l d ,  t h e  
sample  geometry  was modi f i ed  by b r a z i n g  a n n e a l e d  g o l d  s t r i p  
0.040 i n .  i n  t h i c k n e s s  t o  a c o p p e r  b l o c k .  The c o m p o s i t e  
s ample  had t h e  same f i n a l  d imens ions  a s  o t h e r  s p e c i m e n s .  
A f t e r  m a c h i n i n g ,  t h e  sample  c o n t a c t  s u r f a c e s  were metallo- 
g r a p h i c a l l y  p o l i s h e d  and  checked  f o r  f l a t n e s s .  
EXPERIMENTAL PROCEDURE 
_-  vacuum O p e r a t i o n  
For a d h e s i o n  tests w h i c h  u t i l i z e d  w i r e  brush a b r a s i o n  
f o r  sample  c l e a n i n g ,  t h e  s e l e c t e d  samples  were r o t a t e d  t o  t h e  
v e r t i c a l  p o s i t i o n  f a c i n g  each o the r  and s e p a r a t e d  by a 0 . 5  i n .  
gap .  The s t a i n l e s s  steel b r u s h  was t h e n  b r o u g h t  t o  a b r a d e  
b o t h  s u r f a c e s  s i m u l t a n e o u s l y  for p e r i o d s  e x c e e d i n g  2 m i n .  
Dur ing  t h e  a b r a s i o n  o p e r a t i o n ,  gas e v o l u t i o n  from t h e  s u r f a c e s  
was o b s e r v e d  which y i e l d e d  p r e s s u r e  t r a n s i e n t s  up  t o  2 x 
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At t h e  end of  t h e  c l e a n i r , g  p e r i o d ,  t h e  b r u s h  w a s  removed 
and t h e  s a m p l e s  b r o u g h t  i n t o  c o n t a c t .  With t h e  motor d r i v e n  
c h a i n  d r i v e ,  t h e  e l a p s e d  t i m e  h e t ~ e e n  5 r u s L i n g  the c o n t a c t  
was 14-20 sec Honever :  5 a n u a l  o p e r a t i o n  of a r o t a r y  screw 
d r i v e  lowered  t h e  e l a p s e d  t i m e  t o  a b o u t  10 S P C .  A t  an  a v e r a g e  
s y s t e m  p r e s s u  e a b o u t  4 x 10-9 t o r r ,  t h e  exposure p r o d u c t ,  
about  P x IO-' t o r r - m i n .  i s  below t h e  o x i d e  f o r m a t i o n  t i n e  
r e q u i r e d  for 1 , l O t f i  mor-olayer c o v e r a g e  ~ Hence I bare metal  
c o n t a c t  w a s  a c h i e v e d .  
Ton Bombardment 
For a d h e s i o n  tests utilizing gas i o n  bombardment for 
s a m p l e  c l e a n i n g ,  t h e  s e l e c t e d  samples were r o t a t e d  t o  hori- 
zontal p o s i t i o n s  f ac ing  t h e  i o n  guns. At pressure levels 
below 1 x torr, t h e  guns  were a c t i v a t e d  by b l e e d i n g  i n t o  
t h e  s y s t e m  a p a r t i a l  p r e s s u r e  of x e n m  ox= a r g o n  p u r i f i e d  
Dur ing  bombardment,  t h e  pressure r o s e  t o  aboiut 2 - 5 x 20 c s z - r ,  g a s  
I n  o p e r a t i o n ,  t h e  ion g u n s  ae re  f o c u s s e d  by d e f l e c t i o n  
l e n s e s  o n t o  t a r g e t s  p o s i t i o n e d  a d j a c e n t  t o  t h e  a d h e s i o n  s a m p l e s .  
O p e r a t i n g  v o l t a g e s  i n  t h e  r a n g e  3.000 - 6 , 0 0 0  v o l t s  at 3 - 5 x 
10-7 amp were m a i n t a i n e d  f o r  p e r i o d s  up t o  5 hrs, 
g u n s  were i n d e p e n d e n t l y  c o n t r s l l e d  and f o c u s s e d ,  
The i o n  
A t  t h e  end  of t h e  c l e a n i n g  p e r i o d ,  t h e  s p e c i m e n s  w e l - e  
r a p i d l y  b r o u g h t  i n t o  t h e  v e r t i c a l  p o s i t i o n  a n d  i n t o  c o c t a c t  
u s i n g  t h e  p u l l e y  mechanism f o r  f a s t  r o t a t i o n .  E l a p s e d  tirne 
p e r i o d s  be tween c l ea rz ing  and c a n t a c t  of a b o u t  6 sec .  were 
r o u t i n e l y  a t t a i n e d .  
Adhesion T e s t i n g  
Upon c o n t a c t ,  t h e  sample  p a i r  were b r o u g h t  t o  t h e  d e s i r e d  
load  and h e l d  c o n s t a n t  f o r  a f i v e  rnln p e r i o d  T h e  s e p a r a t i o n  
fa rce  i f  a n y .  w a s  xeasured o p t i c a f l v  b:j a l o a d - s t r a i n  r e c o r d e r  
w i t h  a s e n s i t i v i t y  of t 10 Lbs I n  some cases .  t h e  s p e c i z e n  
p a i r s  were retained i n  t h e  u+eIded c o n d i t i o n  eiFor, removal  
from r5e vacuum system, t h e  sample - . s i r s  were examined 
m e  t a  1 i o g r  aph i c a  1 I y 
- 
B e t a r d e d  F i e l d  Diode  Techn ique  
I n  r e s e a r c h  programs c o n c u r r e n t  w i t h  t h e  present work,  a 
t e c h n i q u e  nas deve loped  t o  estimate t h e  degree 01 s u r f a c e  
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ANODE VOLTAGE (KV? 
Fig. 10 S e n s i t i v i t y  Curve For Argon I G ~  
Baa ba r drrt e I;; t 
2 0  
The e f f e c t i v e n e s s  of ion bombardment i~ r e z c ~ i ~ g  e x x ~ t -  
iiig sax face  a T o m s  vIas e v a l u a t e d  f o r  r u n g s t e n  m e t a l  u s i n g  
the r e t a r d e d  f i e l d  d i o d e  t e c h n i q u e  t o  monitor the e l e c t r o n  
work function of the irradiated s u r f a c e .  The r e t a r d e d  
p o t e n t i a l  c u r v e  is a p l o t  of the  variation of e l e c t r o n  
beam current w i t h  app' l ied p c s t c c t i a l  L i l t o  the negative v o l t -  
age r e g i o n .  As +,he  d i o d e  p o t e n t i a l  is d e c r e a s e d  belon zero 
v o l t s ,  t h e  d i o d e  c u r r e n f ,  1s r a p i d l y  decreased 10 negligible 
v a l u e s .  Tke c l o p  n-f the c ~ r r e - i t  d t ' cay  i n  t h e  p e g a r r v e  
v o l t a g e  rar,g:e x i y  be r a k e n  a s  a f u n c t i o ~ ~  ~f :hc Szi-f;;ii;. 
A ~ L  L I ( C ~ I ~  uo;-ir r u n c t i o n  r r   erg:< Sai - r ie r  f o r  - c ~ z c ~ v i n g  
b.1- c t i  C;L= f i  c: t h e  metal s u r f a c e .  
I T -  - * ._  
i l i n g  a rungsTen t a r g e t  and i z n g s t e n  w i s - e  r i b b o n  a s  
rhr :  diode, a r e l a z i v e  c h a n g c  i:i t h e  e l e c t r o n  -4or.k f u n c t i o n  
a - -  0 . 6  v o l t s  :5as o b t a i n e d  a f t e r "  p r o l o n g e d  a r g a n  
i 2 n  bombardment cunpa r sd  H i t h  t h e  o r i g i n a l  s u r f a c e  I The 
e f f e c t  of bumbardmenr dosage on t h e  change i n  work funcrion 
of i r r a d i a t e d  copper  and  t u n g s t e n  sarr,ples is shown i n  F i g .  
11 A c o n s t a n t  i o n  impingement r a t e  of a p p r o x i m a t e l y  
loi0 i o n s ,  c m 2  a a s  maintaiEed. A t  se l ec t ed  t i m e  i n t e r v a l s ,  
bombardment xas  i c t e r : . up ted  a n d  t h e  ~ - e i a ?  i v e  change i;i 
s twface  wci-k func-t ior ,  e v a l u a t e d .  I t  i s  a p p a r e n t  t h a t  t h e  
bombardment p r o d u c e d  w e l l  d e f i n e d  2 h a n g - e ~  i n  i2;ox-k f a n c t i o n  




Fig. 11 Change i n  E l e c t r o n  Work Fur ie t ion  
With C l e a n i n g  Time A t  2 x 10- 7 
T~3i- r  Wi:h Argor, Ion Boxbardment 
A series o f  a d h e s i o n  tes ts  u t i l i z i n g  s a m p l e s  o f  
p o l i s h e d  coppe r  and  s i l v e r  were conduc ted  u s i n g  X P I I Z ? ~  icn 
b m b a r d z e n t  ;ts the s u r f a c e  c l e a n i n g  e c h n i q u e .  Bombard- 
ment d o s a g e s  up t o  50 amp-hri torr-ca’  were used for b o t h  
i o n  guns  i n d e p e n d e n t l y  i r r a d i a t i n g  t h e  two c o n t a c t  s u r -  
f a c e s  I n i t i a l  p r e s s u r e  l e v e l s  o f  a b o u t  7 x 10-10 torr 
b e f o r e  bombardment r o s e  t o  a b o u t  5 x 10’6 t o r r  as  xenon gas 
w a s  b l e d  i n t o  t h e  chamber t o  o p e r a t e  t h e  g u n s .  A f t e r  bom- 
bardment  i n  t h e  h o r i z o n t a l  p ~ s i t i ~ n ,  t h e  samples  were 
r o t a t e d  t o  t h e  v e r t i c a l  p o s i t i o n  and l o a d e d  t o  2000 l b s .  
The nominal  c o n t a c t  stress w a s  a b o u t  30,000 psi. 
P r e l i m i n a r y  r e s u l t s  showed t h a t  n e g l i g i b l e  a d h e s i o 9  was 
o b t a i n e d  a f t e r  i o n  bombardment f o r  b o t h  c o p p e r  and  s i l v e r  
s a m p l e s .  A n a l y s i s  of t h e  test  d a t a  showed t h a t  a n  i m p o r t a n t  
p a r a m e t e r  w a s  t h e  e l a p s e d  t i m e  between t h e  end of bombardment 
and f u l l  c o n t a c t .  I n  t h e  e a r l y  t e s t s ,  t h i s  t i m e  f r e q u e n t l y  
exceeded  60 sec.  d u e  t n  difficulties i n  a c c u r a t e l y  p o s i t i o n -  
i n g  t h e  s a m p l e s  i n  t h e  i o a d i n  p r o c e d u r e .  A t  a n  a v e r a g e  
vacuum level of a b o u t  5 x 3.W5 t o r r ,  t h i s  e x p o s u r e  time 
p r o b a b l y  a l lowed  some r e f o r m a t i o n  of t h e  o x i d e  f i l m  and 
p r e v e n t e d  e x t e n s i v e  bare metal c o n t a c t .  
With t h e  improved p u l l e y - a c t u a t e d  r o t a t i o n  mechanism 
i n s t a l l e d ,  t h e  e l a p s e d  t i m e  w a s  r e d u c e d  t o  a b o u t  6 sec .  
A s e c o n d  series of a d h e s i o n  tests u s i n g  t h e  improved 
mechanism w a s  conduc ted  w i t h  c o p p e r  and s i l v e r  s a m p l e s .  
I n  t h i s  series of tests, s l i g h t  s e l f - a d h e s i o n  o f  c o p p e r  was 
n o t i c e d ;  t h e  s e p a r a t i o n  f o r c e  was a b o u t  10 l b s .  c l o s e  t o  
t h e  l i m i t  of d e t e c t i o n .  The s e l f - a d h e s i o n  o f  s i l v e r  w a s  
n e g l i g i b l e .  I t  may be n o t e d  t h a t  t h e  bonding  s t r e n g t h  i n  
c o p p e r  a f t e r  i o n  bombardment w a s  c o n s i d e r a b l v  l ess  t h a n  t h e  
hn_n_dicg forces  o b s e r v e a  a f t e r  a b r a s i v e  c l e a n i n g .  I n  p r e v i -  
ous t e s t s  w i t h  wire b r u s h  a b r a s i o n ,  t h e  bonding  f o r c e  fc r  
c o p p e r  frequently esceeaed 400 I b s .  f o r  a c o m p r e s s i v e  load-  
i n g  of about 1280 I b s .  
E f f e c t  o f  S u r f a c e  Contoe-- on Adhesion 
Measurements of t h e  s e l f - a d h e s i o n  o f  c o p p e r  and s i l v e r  
sarnples  w e r e  made as  a f u n c t i o n  o f  c o n t a c t  s u r f a c e  f i n i s h  
i n  o r d e r  t o  d e t e r m i n e  t h e  e f fec t  of s u r f a c e  p r o f i l e  on 




Adhesion characteristics of Ion Bombarded Metals 
Maximuro Separation Force (Ibsj (1) 
Copper S i l v e r  
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Cpon posztioning t h e  sarrples I n  t h e  cor rec t  seqizence 
iR .the I ~ z d i z g  ;rages s t a .  cia1.d e v z c u a t i o r ,  p r o c e d u r e s   EX-^ 
used  t o  o b t a i n  a n  ayerage t-acuum l e v e l  of  about  5 x I U - 9  
t o r r  The specizezs aeleczed for z e s t  -&€re  rotated t t ~  rhe 
v e r t i c a l  position and abiadecl w i t h  a stalniess s ~ e e l  %ire 
b r u s h  for p e r i o d s  of 2bour 2 min During the c l e a n i n g  
period, p r e s s u r e  bursts  up tr, 2 x 1W8 t o r r  were observed  
A f t e r  abrasion. t h e  samples w e i - e  b r s u g h f  i n t n  I ~ a d e d  
coQtac t  w i t h  aE e l a p s e d  tine o f  a b o u t  16 sec 
I n  o r d e r  t o  compare t h e  r e s u l t s  on a n  e q u i v a l e n t  b a s i s .  
t h e  compressive load f o r  e a c h  p a i r  was adjusted t o  t a k e  
i n t o  accouEt  t h e  z z g ~ i t z d ~  sf ths y i e l d  stress dt t h e  
softer m e t a l ,  P r e v i o u s  i n v e s t i g a t i o n s  have  s h o w n  t h a t  es- 
t e m i v e  bond ing  woi i id  o n l y  occur p r o v i d e d  The c o n t a c  ~:qg 
s u r f a c e s  xerc  c l e a n .  -+,keu t h e  c c n t a c t  5 t 1 - e . ~ ~  ex: e e d e d  ?be 
y i e l d  stress I n  t h e  p re se i t  x o r k  t h e  ratio 2 2  ;LE a s y l ; e u  
normal  S ~ T E ’ S S  S 10 ?he  ! c \ ~ e s t  3-ieici  s t ress  3,. d ~ t l ~ e G  a3  
t h e  
2 . 0  Cozparxson of  t h e  adz t s i c tn  beha i i io r  sf si?;uble aiid 
i n s o l u b l e  netal p a i r s  %ere Fade foi  e q u i v a l e n t  Sx Sy r a t i o s .  
1 
yield coe fF i c1en-c .  n a s  n a i n t a i n e d  in  ti*^ rar,ge 1 0 to 
T h e  r e s u l t s  of t h e  a d h e s i o n  t i i s t i n g  fcr both s e t s  of 
samples at room temperature a r e  show-n i n  F i g  12 in which 
t h e  a d h e s i o n  c o e f f i c i e n t ,  d e f i n e d  as t h e  rat12 of t h e  
m a x i m a m  s e p a r a t i o n  or r u p t u r e  stress S, r e q u i r e d  to break 
t h e  welded  samples T O  t h e  a p p l i e d  n o r m 1  c o m p r e s s i v e  slress 
e v i d e n t  t h a t  t h e  a d h e s i o n  coefficient g e ; l c r a l l y  i n c r e a s e d  
ductility 13 erhziccirig 5ai  E m e t a l  c n n t a c t  
is p l o t t e d  against the s i e l d  c o e f f i c i e n t  Sx S y  I t  is sN : 
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2 . 0  1.0 i . 2 5  1 I 3 9  I. 75 
STRESS U T I 0  Sx S 
Y 
F i g .  12 V a r i a t i o n  of tht acfhesisn coefficient 
with y i e l d  coefficient f o r  s o l u b l e  
and insoluble metal p a i r s .  
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T h e  ~ ; r o d u c t  of t h e  a d h e s i o n  c o e f f i c i e n t  and y i e l d  
c o e f f i c i e n t  provides a nkasuxe) oi the  bond e f f i c i e n c y  : 
.+ - -, ’ .  h . p ’ - e ~ s  s u r i a c e  %elding, S, - S- and t h e  bond 
- ~ f l ~ c i c - r , i v  -+oala be m i t y .  I n  T a b l e L I I 1 I j Y t h e  maximum 
b ~ n d  e f f l c ~ e n e v  f a r  e a c h  sanple p a i r  is t a b u l a t e d .  It 
is apparent + h a t  most of the sample pairs  t e s t e d  f a l l  
i n  t h e  r a n g e  0 . 1  - 0.3 i n d i c a t i n g  t h a t  only a b o u t  10 - 
30% of t h e  b e a r i n g  2rea is i n  atomic c o l ; t a c t .  I n  t h e  
case of l e a d - g o l d ,  however ,  t h e  e f f i c i e n c y  rose t o  0 . 9  
i n d i c a t i n g  a l m o s t  c o m p l e t e  b o n d i n g .  
The a d h e s i o n  dependency on t h e  y i e l d  strength or 
d Q c t i l i t y  is i l l u s t r a t e d  i n  F ig .  13 i n  which t h e  v a r i a -  
t i o n  of the bond e f f i c i e n c y  Sr/Sy w i t h  y i e l d  s t r e n g t h  
S is p l o t t e d .  For t h e  u n l i k e  metal p a i r s ,  t h e  lower  
yfeld stress was s e l e c t e d  as t h e  a p p r o p r i a t e  v a l u e .  
A l though  c o n s i d e r a b l e  s ca t t e r  i n  t h e  e x p e r i m e n t a l  v a l u e s  
w a s  o b s e r v e d ,  i t  w a s  a p p a r e n t  t h a t  t h e  a d h e s i o n  s t r e n g t h  
g e n e r a l l y  d e c r e a s e d  a s  t h e  y i e l d  stress  i n c r e a s e d .  
Var iz t ions  i n  t h e  bond s t r e n g t h  a t  a n y  stress l e v e l  
may be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  s u r f a c e  c l e a n l i n e s s  
s i n c e  t h e  me ta l l i c  o x i d e s  d i f f e r  w i d e l y  i n  t h e  ease w i t h  
which t h e y  c a n  be a b r a d e d  o f f  t h e  c o n t a c t  surfaces i n  
vacuum. 
I.=, a d d i t i o r ;  to the r 0 6 m  tsiiipeiiiture tes i s :  measure-  
men t s  o f  t h e  a d h e s i o n  p r o p e r t i e s  a t  150°C were a l s o  ob- 
t a i n e d .  The r e s u l t s  g i v e n  i n  F i g .  14 show t h e  g e n e r a l  
i n c r e a s e  in a d h e s i o n  c o e f f i c i e n t  w i t h  t e m p e r a t u r e  f o r  a 
c o n s t a n t  y i e l d  c o e f f i c i e n t  of 1 .50 .  I t  is e v i d e n t  t h a t  
t h e  i n s o l u b l e  metal  p a i r s  t e s t e d  e x h i b i t e d  less t empera-  
t u r e  dependency i n  g e n e r a ?  t h a n  s luble p a i r s .  
I t  may be n o t e d  t h a t  i a t h e  case of t h e  i n s o l u b l e  
l e a d - g o l d  p a i r ,  t h e  r e s u l t a n t  bond s t r e n g t h  was g r e a t e r  
t h a n  t h e  y i e l d  stress f o r  l e a d  a t  1 1 5 O C  and f r a c t u r e  





















Bond Eff ic iency of Adhesion SarnDles 
Y i e l d  Adhesion 
Coef f i c i en t  Coef f i c i en t  
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0 .12 
0 .23  
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Fig. 14 Temperature dependence o f  the a d h e s i o n  
c o e f f  icent. 
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i n  t h e  adhesion coefficient v a l u e  of 0 ' 6 6 ,  The e f f i c i e n c y  
of  bond ing  S, Sy f o r  t h i s  sample p a i r  was 1,s ( 0 . 6 6 )  C r  f . 0 .  
f a c e  i n d i c a t i n g  f r a c t i o n a l  bocd e f f i c i e n c i e s .  
In t h e  o t h e r  tes. ts~; ~ Y Z C Z ~ Y C  2lTs j -s  G C L J I - I ~ ~  a x  rine inter- 
An a s p e c t  nf  xhe a d h e s i ~ r :  s x g z r i ~ e n t s  VI great inpor- 
t a n c e  i s  t h e  q u e s t i o n  of t h e  e f f e c t i v e n e s s  of t h e  i o n  
bombardment t e c h c i q u e  i n  removing s u r f a c e  c o n t a m i n a n t  films 
prior t o  c o n t a c t .  C a l i b r a t i o n  experiments on  t a r g e t a r e a s  
of c o p p e r  and t u n g s t e n  showed t h a t  s u b s t a n t i a l  c h a n g e s  i n  
e l e c t r o n  work func t i c rn  va lues  were p roduced  by bombardment 
indicating t h a t  t h e  s u r f a c e  atom c o n f i g u r a t i o n  was be ing  
char,ged Eowever . s u b s e q u e n t  a d h e s i o n  t es t s  with copper  
arid s i l v e r  samples  u s i n g  t h e  standard @.I40 s q .  ixi c o n t a c t  
s u r f a c e  area S!IOPE?~ t h a t  r , rg, '? lg lb le s e i 1 - a d h e s i o n  o c c u r r e d  
a f t 5 r  bi?aibdI=uRienT 
The  low adhesicn results may b e  attributed t o  s e v e r a l  
factors w h i c h  may Save ctpcrared c o n c c r r e n t l y  An important 
parazeter is t h e  ion c u r r e n ' i  d e n s i t y  and  enorgy  x a i n t a i n e d  
d u r i n g  Sombardnent  I t  has  been e s t a b l i s h e d  t h a t  the i n e r t  
gas  i o n s  w i l l .  p e n e t r a t e  into The meta l  l a t t i c e  I f  t h e y  impac t  
w i t h  e n e r g i e s  e x c e e d i n g  s eve rz l  h u n d r e d  volts Apparef i t ly  , 
e n e r g e t i c  a r g o n  o r  xenon i o n s  form s u b s t i t u t i o n a l  solid 
s o l u t i o n s  w i t h  the target metal and s u b s e q u e n t l y  d i f f u s e  ts 
t h e  s u r f a c e  a s  shown by a n n e a l i n g  e x p e r i m e n t s  i n  vacilrrm 
S i n c e  t h e  e n e r g y  l e v e l s  used i n  the p r e s e r i t  xork he re  ir, 
t h e  r a n g e  3 , 0 0 0  - 6 , 0 0 0  v o l t s ,  i r  mi;- b e  i n f e r r e d  t h a t  
t r a p p e d  g a s  i o n s  a c t e d  t o  p r e v e n t  e x t e n s i v e  bare rnets2 
c u n x a c r .  
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Although a comple t e  a n a l y s i s  of  t h e  e f f e c t  of s u r -  
f a c e  c o n t o u r  on a d h e s i o n  s t r e n g t h  was n o t  a t t e m p t e d .  t h e  
e x p e r i m e n t a l  d a t a  showed t h a t  s u r f a c e  f i n i s h  is a n  impor- 
t a n t  p a r a m e t e r  i n  e n g i n e e r i n g  a s p e c t s  of s o l i d  s t a t e  
bond ing .  To a c h i e v e  macroscop ic  l e v e l s  of b o n d i n g ,  i t  
is n e c e s s a r y  t o  maximize t h e  e x t e n t  of m e t a l  c o n t a c t  
a c r o s s  t h e  i n t e r f a c e .  H e n c e ,  p o l i s h e d  s u r f a c e s  would be 
e x p e c t e d  t o  show a g r e a t e r  d e g r e e  of bond s t r e n g t h  t h a n  
i n a l  b e a r i n g  a r e a  is i n  a c t u a l  c o n t a c t .  
- n . . - k n m n r i  r . . - f n n n c  4 .. rrrt-.: -L. IvuBII+LI\-u u u A . = L t ; a  w u l L i L  z siiiall. f r a c t i o n  sf tile num-  
Although p l a s t i c  d e f o r m a t i o n  a t  t h e  t i p s  of a s p e r i -  
t ies  i n  c o n t a c t  may be e x p e c t e d ,  weldments  a t  l o c a l i z e d  
a s p e r i t y  j u n c t i o n s  unde r  r e l a t i v e l y  l i g h t  l o a d s  may n o t  
be  d e t e c t e d  i n  t h e  a p p a r a t u s  used  i n  t h i s  i n v e s t i g a t i o n .  
The minimum d e t e c t a b l e  bonding  f o r c e  i n  t h i s  a p p a r a t u s  
w a s  10 Ibs .  Assuming t h a t  t h e  stress i n  t h e  welded 
asperities a t  sepa-at i0 i - i  was comparable t o  t h e  g ross  
y i e l d  stress, t h e n  t h e  mininun! d e t e c t a b l e  a r e a  of c o n t a c t  
is: 
Taking  Sy = 9000 p s i  i n  t h e  case of a n n e a l e d  c o p p e r ,  t h e n  
t h e  r e q u i r e d  c o n t a c t  a r e a  would be a b o u t  10-3 sq. in. 
S i n c e  t h e  t o t a l  b e a r i n g  a r e a  i n  t h e  s a m p l e s  is 0 . 1 4  
sq. i n . ,  a t  l ea s t  0.7% of t h e  s u r f a c e  m u s t  be i n  a t o m i c  
c o n t a c t  f o r  any bonding  t o  be  d e t e c t e d .  Al though i t  is 
d i f f i c u l t  t o  estimate t h e  a c t u a l  c o n t a c t  a r e a ,  estimates 
of t h e  nominal  s u r f a c e  for most e n g i n e e r i n g  m a t e r i a l s .  
Hence ,  d e t e r m i n a t i o n s  of t h e  extent of a s p e r i t y  w e l d i n g  
w i l l  g e n e r a l l y  r e q u i r e  an  e x t r e m e l y  s e n s i t i v e  load measur- 
i n g  a p p a r a t u s .  
--F +I., A?.-?.--+--  e-^^- q..d 
-2 a a p c A i L y  a icaa i~ ~ i i f i t ~ ~ t  2 i - C  U S U A ~ ~ Y  about i 0 - e ~  
I t  may be su rmized  t h a t  a l t h $ - d g h  s h a r p  a s p e r i t i e s  
( h i g h  h e i g h t  t o  w i d t h  r a t i o s )  w i l l  bond even u n d e r  l i g h t  
l o a d s  due t o  t h e  h i g h  stress o p e r a t i n g  a t  t h e  l o c a l  i n t e r -  
face:  e n l a r g e m e n t  of t h e  c o n t a c t  area by p l a s t i c  f l o w  w i l l  
r a p i d l y  r e q u i r e  g r e a t l y  i n c r e a s e d  b e a r i n g  l o a d s  a s  t h e  
a s p e r i t i e s  a re  b l u n t e d .  For l a r g e  scale  b o n d i n g ,  i t  is 
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j , 
a p p a r e n t  t h a t  metallic ductility or e a s t  of p l a s t i c  €low a l l 1  
r a p i d l y  d c m i n a t e  t h e  a d h e s i o n  b ~ h a v i n i -  YetaIs  ~f l i f c i t e d  
d u c t i l i t y  w i l l b e  l i m t e d  t o  b o n d i n g  a t  microscopic a c p e r i r i e s  
and w e l d i n g  on  a n  e n g i n e e r i n g  s c a l e  w i l l  EOT be ~ t a ~ t ? ~ - v ~ ; d .  
A s p e r i t i e s  i n  d u c t i l e  me ta l s :  on t h e  i o t k ~ r  h a n d ,  .&ill c a s i i y  
be b l u n t e d  wider  defoi-m1r.g l o a d s  u n t i l  r e l a t i v e l y  srnooth 
s u r f a c e  c o n f i g u r a t i o n s  a1-e assumed.  
The dcn ica t i ng  impul l a n c e  of p l a s t i c i t y  i n  d e t e r m i n i n g  t h e  
e x t e n t  of a d h e s i o n  a t  room t e m p e r a t u r e  is emphas ized  i n  com- 
paring the bonding behavior of so lub le  and  i n s o l u b l e  m e t a l s .  
D u c t i l e  metals  were o b s e r v e d  t o  r e a d i l y  a d h e r e  a l t h o u g h  
p o s s e s s i n g  e x t r e m e l y  l i m i t e d  b u l k  s o l i d  snlsbility. 
The r e l a t i v e  i n s e n s i t i v i t y  of bonding  t o  i n t e r a t o m i c  
a t c o m o d a t i s n  i n  t h e  bulk la-i t ice m a y  be attribured t G   he 
i m p o r t a n c e  of t h e  l o c a l  atom d i s t r i b u t i o n  in t h e  s t l r facc  
layers i n  c ~ n t r ~ l l l n g  dclht.sion I n c r e a s e s  3 3  C L ~ P  e f f e c i i v c  
l a i t i c e  p a r a E e t e r  a n d  l o c a l  disoi-del-  a t  t h e  5x1-face may be 
expecred due  t o  t h e  a n i s t r o p y  of a t o m i c  packing a n d  bond d i r -  
t r i b u t i o n .  I n  t n i s  way,  s o l J t e  a t o m  of g r e a t l y  d i f f e r1 r ;g  
s i ze  and e lec t rocbemica i  acrivity may be accepired s u b s t a n t i a l l y  
or i n t e r s t i t i a l l y  i n  t h e  s o i x e n t  l a t t i c e  w i t h i n  a few airomic 
l a y e r s  of t h e  s u r f a c e .  b u t  v.nould be r e j e c t e d  in t h e  bt t lk  l a t t i c e .  
I n  bond ing  c h e m i c a l l y  i n s o l u b l e  m e t a l s ,  thermal d i f f u s i o n  
across t h e  i n t e r f a c e  would be e x p e c t e d  t u  p roduce  i n t e r m e t a l l i c  
compound or t e r m i n a l  phase p r e c i p i t a t i o n  and s e g r e g a t i o n .  The 
e x p e r i m e n t a l  r e s u t l s  a t  150’6 show t h a t  D r i t t l e  c r ; x n p ~ ~ l n d  f o r -  
m a t i o n  a t  t h i s  t e m p e r a t u r e  w a s  was r , e g l i g i b l e  f o r  t h e  m a t e r i a l s  
t e s t e d  s i n c e  separation occur red  a t  t h e  ox r g i n a l  i n t e r f a c e  ~ 
The i n c r e a s e  i n  adhesion r-oted w i t h  t h e  hlghei- f e r n 2 e r z t - i ~ ~  iris;-
be r e l a t ed  t o  t h e  l o x e r i n g  of t h e  y i e l d  stress o r  i n c r e a s e  
i n  d u c t i l i t y  u s u a l l y  fctiicd f a r  rriost me ta l s .  
L -  A v a r i e t y  cf s d h s s i o n  e x p e r i m e n t s  have  emphasized t h e  
d u a l  impGrtance  of sin-face c l e a n l i n e s s  and d u c t i l i t y  i n  
goa e r n r n g  t h e  exter, t  of i n t e r f a c i a l  c o n t a c t  and bond ing  I 
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